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ABSTRACT
Periodic pulsations have been found in emission from the ultra-luminous X-ray
source (ULX) M82 X-2, strongly suggesting that the emitter is a rotating neutron
star rather than a black hole. However, the radiation mechanisms and accretion mode
involved have not yet been clearly established. In this paper, we examine the ap-
plicability to this object of standard accretion modes for high mass X-ray binaries
(HMXBs). We find that spherical wind accretion, which drives OB-type HMXBs, can-
not apply here but that there is a natural explanation in terms of an extension of the
picture for standard Be-type HMXBs. We show that a neutron star with a moderately
strong magnetic field, accreting from a disc-shaped wind emitted by a Be-companion,
could be compatible with the observed relation between spin and orbital period. A
Roche lobe overflow picture is also possible under certain conditions.
Key words: accretion, accretion disk — stars: neutron — X-rays: binaries — X-rays:
individuals: M82 X-2
1 INTRODUCTION
Ultra-luminous X-ray sources (ULXs) are very bright ex-
tragalactic X-ray point sources, with observed fluxes which
would correspond to luminosities greater than 1039 ergs
per second if they were radiating isotropically. Since this
is above the Eddington limit for normal stellar-mass com-
pact objects, it has been widely thought that they are
associated with intermediate-mass black holes (IMBHs)
(Farrell et al. 2009), although non-spherical accretion and
beamed emission could give rise to inferred luminosities
significantly above the Eddington limit (see, for example
Ohsuga & Mineshige 2011), allowing also for lower masses.
Bachetti et al. (2014) have reported NuSTAR ob-
servations of ULX M82 X-2 (also known as NuSTAR
J095551+6940.8) which reveal periodic changes in the hard
X-ray luminosity of this source, indicative of a rotating mag-
netized neutron star being involved rather than a black hole.
The measured peak flux (in the 3− 30keV band) would cor-
respond to LX = 3.7 × 10
40 erg s−1 if the radiation were
isotropic, and is challenging to explain with a neutron star.
The period (taken to be the neutron-star spin period) was
found to be Ps = 1.37 s, with a 2.53-day sinusoidal modula-
tion, interpreted as being an orbital period Porb correspond-
⋆ E-mail: karino@ip.kyusan-u.ac.jp
† E-mail: john.miller@physics.ox.ac.uk
ing to motion around an unseen companion which would be
the mass donor in the accreting system. The time deriva-
tive of the spin period P˙s was also measured. Values for this
coming from different individual observations show consid-
erable variations but a relevant underlying spin-up tendency
was found, with P˙s = −2 × 10
−10 s s−1. The mass donor is
indicated as having a mass larger than 5.2M⊙, so that the
system should be categorized as a high mass X-ray binary
(HMXB). Taking canonical neutron star parameters as a
rough guide (MNS = 1.4M⊙ and RNS = 10 km), the lumi-
nosity relation LX = GMNSM˙R
−1
NS, gives the mass accre-
tion rate corresponding to LX = 3.7 × 10
40erg s−1 as being
M˙ = 2.0 × 1020g s−1 = 3.1× 10−6M⊙yr
−1.
There are three main mechanisms by which the mass
transfer might occur: (i) via a spherical wind (as for O-
type HMXBs), (ii) via a disc-shaped wind (as for Be-type
HMXBs), or (iii) by Roche lobe overflow (RLOF). Because
of the large inferred M˙ , the third option was suggested as the
mechanism by Bachetti et al. (2014) and subsequent studies
(Eks¸i et al. 2015; Dall’Osso et al. 2015).
Here, we investigate each of these scenarios in turn to
see which may be appropriate for ULX M82 X-2. In Section
2, we discuss the strength required for the neutron-star mag-
netic field, and show that it needs to be moderately strong
but not at a magnetar level. In Section 3, we discuss the ap-
plicability of scenarios (i)-(iii), finding that (i) is excluded
but that (ii) and (iii) could be viable possibilities. In Section
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4, we discuss the role of the propeller effect and transient
behaviour, and Section 5 contains conclusions.
2 CLASSICAL ACCRETION ESTIMATES FOR
THE NEUTRON-STAR MAGNETIC FIELD
STRENGTH
In the standard picture for HMXBs, the system has to be
fairly young because the companion donor star is massive
enough to have only a rather short main-sequence life-time.
Matter coming from the donor star falls towards its neu-
tron star companion, becomes included in a Keplerian accre-
tion disc, and eventually becomes entrained by the neutron
star’s magnetic field, creating hot X-ray emitting accretion
columns above the magnetic poles (cf. Pringle & Rees 1972).
Sufficiently young neutron stars typically have magnetic-
field strengths above 1012G (see, for example, the data in
the ATNF pulsar catalogue, Manchester et al. 2005), with a
tail of the distribution extending beyond 1013 G and even-
tually joining with the magnetar regime at 1014 G. This can
be relevant for explaining how this source can be so lumi-
nous, because if the magnetic field is stronger than the quan-
tum limit, B > 4.4 × 1013G, the scattering cross-section
would be suppressed, reducing the opacity of matter in the
accretion columns above the magnetic poles and allowing
higher luminosities. With this in mind, Eks¸i et al. (2015)
suggested that this source might contain a magnetar. The
computational results of Mushtukov et al. (2015) and the
evidence of propeller effect from Tsygankov al. (2016) sup-
port this idea. In other works, however, Christodoulou et al.
(2014), Lyutikov (2014) and Dall’Osso et al. (2015) have
explored different scenarios with standard pulsar fields ∼
1012 − 1013G, while other authors have advocated weaker
fields, ∼ 109G (Kluz´niak & Lasota 2015; Tong 2014). As
the present work was being completed, we have seen a new
paper by King & Lasota (2016), advocating a model with
strong beaming and a magnetic field of ∼ 1011G. The work
presented here represents a line of study parallel to theirs.
We focus here on a scenario with a field at the top end
of the range for standard pulsars. In the rest of this section,
we apply some simple assumptions for testing the relevance
of a solution of this type.
We take the full entrainment of the accreting matter by
the magnetic field to occur close to the magnetic radius, rm,
where the magnetic pressure balances the ram pressure of
the infalling matter. Using the condition of mass continuity,
we then obtain the following expression for the magnetic
radius:
r7m =
B4NSR
12
NS
8ζ2GMNSM˙2
. (1)
Here BNS is the field strength at the surface of the neu-
tron star, and ζ is the ratio of the accretion velocity to the
free-fall velocity (Waters & van Kerkwijk 1989). At r = rm,
the accreting matter is taken to come into corotation with
the neutron star, with the corotation speed being vcorot =
2pirmP
−1
s . Since the system is probably close to spin equilib-
rium (Bachetti et al. 2014; Dall’Osso et al. 2015), it is rea-
sonable to take vcorot as being approximately equal to the
Keplerian velocity at r = rm. We can then estimate the ap-
propriate value of the field strength in order to be consistent
with the observed spin period for ULX M82 X-2. This gives
BNS = 2
−5/12pi−7/6ζ1/2G5/6M
5/6
NS R
−3
NSM˙
1/2P 7/6s
= 4.46 × 1013G
× ζ1/2
(
MNS
1.4M⊙
)5/6 (
RNS
106cm
)−3
×
(
M˙
2.0× 1020g s−1
)1/2 (
Ps
1.37s
)7/6
. (2)
Interestingly, this value is just above the critical quantum
limit Bcrit at which electron scattering is suppressed, as men-
tioned earlier:
Bcrit =
m2ec
3
h¯e
= 4.4 × 1013G (3)
(Eks¸i et al. 2015).
On the other hand, we can also consider the spin-up
rate, focusing on the measured underlying tendency P˙s =
−2×1010s s−1 (Bachetti et al. 2014), rather on the variations
seen in the individual measurements, as mentioned earlier.
We use the classical Ghosh & Lamb model (Ghosh & Lamb
1979), in order to identify appropriate parameter values; the
spin-up rate is then given by Eq. (15) in their paper. Assum-
ing that the moment of inertia of the neutron star has the
canonical value, 1045g cm2, and using the spin-up rate given
by Bachetti et al. (2014), we find that the magnetic field
strength corresponding to P˙s = −2 × 10
−10s s−1 would be
BNS
(
P˙s = −2× 10
−10
)
= 4 × 1013G, which is very similar
to the value obtained above, in Eq. (2), from considerations
of the spin period.
Based on these two independent estimates, we conclude
that having a field of ∼ 4×1013G can be consistent with the
interpretation that M82 X-2 could be an example (albeit a
rather extreme one) of previously-known classes of HMXBs
(see, for example, Klus et al. (2014)). A field of this strength
can be just large enough to permit the quantum suppression
of electron scattering as invoked by Eks¸i et al. (2015).
3 THE ACCRETION MODE OF ULX M82 X-2
In this section, we examine the different possibilities men-
tioned in the Introduction for the accretion mode of ULX
M82 X-2. The two mechanisms operating for standard
HMXBs are: (i) accretion from a spherical wind emitted by
the donor star, and (ii) accretion from a disc-shaped wind,
thought to come from a “decretion disc” around the donor
star (in a decretion disc, angular momentum is continually
added to the inner edge of the disc from the rapidly rotating
central star, and the matter drifts outwards rather than in-
wards). Type (i) occurs for OB-type HMXBs, while type (ii)
fuels Be-type HMXBs. Additionally, although there is no ob-
servational evidence for this in standard HMXB studies, it is
possible that Roche lobe overflow (RLOF) could be relevant
here; we are referring to this as type (iii). Bachetti et al.
(2014) and Eks¸i et al. (2015) both suggested RLOF as a
likely accretion mode for M82 X-2, but did not discuss it
in detail. In a recent paper, however, Shao & Li (2015) pre-
sented an argument suggesting that a certain proportion of
ULXs should indeed be accreting neutron stars with RLOF
mass-transfer. Here, we will consider each of the mecha-
nisms in turn to assess which of them may be appropriate
c© 0000 RAS, MNRAS 000, 000–000
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for our case. In order to give a luminosity as high as that
observed, the accretion rate needs to be at least as high as
M˙ ∼ 10−6M⊙yr
−1, as shown earlier.
3.1 Accretion fed from a spherical wind
First, we consider whether a spherical stellar wind coming
from the massive donor could successfully fuel ULX M82
X-2 (type (i) accretion). In simple stellar wind models, the
wind velocity is frequently described by an expression of the
form
vw (r) = v∞
(
1−
R∗
r
)β
(4)
(Kudritzki & Plus 2000), where v∞ is the terminal velocity
of the wind, R∗ is the stellar radius, r is the distance from
the centre of the donor star, and β is a parameter whose
value is close to unity (we will take β = 1 exactly here). The
accretion rate from a spherical wind is usually described by
the Hoyle-Lyttleton formula (Hoyle & Lyttleton 1939):
M˙ = ρwvrelpiR
2
acc, (5)
where Racc is the accretion radius defined by
Racc =
2GMNS
v2rel
, (6)
and vrel is the velocity of the neutron star relative to the
accreting matter: v2rel = v
2
w + v
2
orb, where vorb is the orbital
velocity of the neutron star. The wind density can be written
as
ρw (r) =
m˙w
4pir2vw
, (7)
where m˙w is the rate of mass loss from the donor star. If
one specifies a particular value for m˙w, the accretion rate M˙
can be calculated from Eq. (5), and then the corresponding
X-ray luminosity of the neutron star can be obtained from
LX = GMNSM˙R
−1
NS.
Vink et al. (2001) have given analytic formulae from
which m˙w can be calculated for high-mass stars in terms
of their mass M∗, luminosity L∗, effective temperature Teff
and the ratio v∞/vesc, where v∞ is the wind’s terminal ve-
locity and vesc is the escape velocity from the stellar sur-
face. A change in behaviour occurs when Teff passes a value
Tcrit ≈ 25000K and separate formulae are given for temper-
atures above and below that. Here we use the mass loss rates
given by equations (24) and (25) in their paper. The ratio
v∞/vesc is known to be ∼ 2.6 for Teff > Tcrit and ∼ 1.3 for
Teff < Tcrit (Lamers et al. 1995; Vink et al. 2001) while val-
ues for L∗ and Teff can be obtained as functions ofM∗ using
a stellar evolution code (we used the analytic fitting formu-
lae from the paper by Hurley et al. (2000)). Putting this
data into Eqs. (5) – (7), we could then calculate predicted
values of the X-ray luminosity for a sequence of masses of
the donor star, and our results are shown in Fig. 1.
The two curves in Fig. 1 correspond to different evo-
lutionary phases; the zero-age main sequence phase (solid
curve) and the terminal main sequence phase (dashed
curve). For stars more massive than 30 M⊙, the stellar ra-
dius becomes larger than that of the binary orbit,
a =
[
P 2orb
4pi2
G (M1 +MNS)
]1/3
, (8)
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Figure 1. Predicted X-ray luminosities are shown as functions
of the mass of the donor star, assuming spherical wind accretion.
The different curves correspond to different evolutionary phases:
the zero-age main sequence phase (ZAMS, dashed curve) and the
terminal main sequence phase (TMS, solid curve).
before it reaches the terminal main sequence (here M1 is
the mass of the donor star). It is clear, from this figure,
that even if we consider the most efficient conditions, and
an optimal viewing angle, an X-ray luminosity of ULX level
(LX ≃ 10
40) cannot be achieved. Hence, we conclude that
ULX M87 X-2 cannot be fed by a spherical wind because
the density of the wind would not be high enough.
3.2 Accretion fed by a decretion-disc wind
coming from around a Be star
The Corbet diagram (where Porb is plotted against Ps) is
frequently used in studies of HMXBs, and it can be use-
ful to consider it also in the present context. OB-type and
Be-type HMXBs show clearly different distributions in these
diagrams, with the majority of the Be-type ones being close
to the diagonal from lower-left to upper-right (they are the
points marked with a + in Fig. 2). Waters & van Kerkwijk
(1989) obtained an expression for the sequence followed by
the Be-type HMXBs by assuming the Hoyle-Lyttleton ac-
cretion rate given by Eq. (5). The decretion disc wind pa-
rameters ρw and vw could be taken from any appropriate
wind model; Waters & van Kerkwijk (1989) adopted a sim-
ple disc-shaped model:
ρ(r) = ρ0
(
r
RBe
)−n
, (9)
v(r) = v0
(
r
RBe
)n−2
, (10)
where ρ0 and v0 are the density and velocity at the stel-
lar radius RBe, and n is a constant which needs to be
fixed. In order to explain the positions of known standard
Be-HMXBs in the Corbet diagram, Waters & van Kerkwijk
(1989) used n = 3.25, and we will also use this value in the
following. This choice is roughly consistent with recent nu-
merical computations of Be-disc winds (Krticˇka et al. 2011;
Carciofi et al. 2012). With this wind model and any speci-
fied value of the magnetic field strength, one can obtain a
corresponding relationship between Ps and Porb by substi-
c© 0000 RAS, MNRAS 000, 000–000
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tuting equation (5) into equation (2) (Porb is related to a
via equation (8)). This gives
Ps = C
(
vw
vrel
)−9/7(piρ0
v30
)−3/7 (
a
RBe
)3(4n−6)/7
, (11)
where
C = 215/14pi
(
B0R
3
NS
)6/7
(2GMNS)
−11/7 . (12)
In Fig. 2 we show Porb-Ps curves, obtained from
Eq. (11), for three values of both B and ρ0. The val-
ues used for v0 and the radius of the neutron star are
the same as those used by Waters & van Kerkwijk (1989):
v0 = 10
6cm s−1 and RNS = 10
6cm. In the two frames, we
show the results for two different donor masses: 6M⊙ and
12M⊙, with the corresponding radii being those for the ter-
minal main sequence phase on the stellar evolution tracks
of Hurley et al. (2000): RBe = 10.7R⊙ for the 12M⊙ donor
and RBe = 6.8R⊙ for the 6M⊙ donor. It can be seen that the
results in the two frames are very similar. In each of them,
ULX M82 X-2 (marked with the circles) takes a rather ex-
treme position in comparison with the Be-HMXBs but, for
an appropriate set of parameters, it does fit with the Be-
HMXB sequences. As shown in the figure, assuming a mag-
netic field strength of B = 4 × 1013G, the model given by
Eq. (11) with the density ρ0 = 2− 3× 10
−10g cm−3 does fit
the position of ULX M82 X-2 very well in both cases.
Of course, the position of ULX M82 X-2 on the figure
could also be explained by models with lower B and ex-
tremely low ρ0, or higher B and extremely high ρ0. From
the limited available polarization data, Draper et al. (2014)
suggested that the ρ0 for discs around Be-stars is between
8× 10−11 and 4 × 10−12g cm−3, based on the nine systems
which they studied. Touhami et al. (2011) tested values of
ρ0 between 2 × 10
−12 and 2 × 10−10g cm−3 for fitting the
IR radiation from Be discs, and suggested that the best fit
value is 1.4×10−10g cm−3. In view of these results, our best
fit density (ρ0 = 2 × 10
−10g cm−3) seems slightly high but
still a reasonable value. Additionally, if we take this value
for ρ0, Eq. (5) gives 3.2 × 10
20g s−1 for the mass accretion
rate which is again quite reasonable for ULX M82 X-2. We
note that a field as low as ∼ 1011G would be difficult to
accommodate within this picture.
With this large mass loss rate, however, the donor Be-
star cannot maintain a high density disc for very long and
so, after the bright (high accretion rate) phase, it would run
out of decretion disc matter. Hence, in this scenario, the
accreting system would inevitably become a transient. Since,
according to the archival survey, ULX M82 X-2 does show
transient tendencies, this prediction seems to be consistent
with the observations (Doroshenko et al. 2014). We note,
however, that transient behaviour could also be understood
in the context of propeller switching (Tsygankov al. 2016),
as we will discuss later.
3.3 Roche lobe overflow
Bachetti et al. (2014) suggested that the accretion mode for
ULX M82 X-2 may involve Roche lobe overflow (RLOF) and
we need to consider this scenario as well.
An approximate value for the Roche radius RRL is given
by
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Figure 2. The Corbet diagram, showing the orbital period of the
binary system Porb plotted against the spin period of the neutron
star Ps. The upper and lower panels show results for donor masses
of 6M⊙ and 12M⊙, respectively. The Porb-Ps relation given by
equation (11) is shown by the continuous curves with the three
sets of curves in each panel showing results for different values of
B (measured in gauss), and the different curves of each set being
for different disc densities (in g cm−3). The stellar radii are set to
the terminal main sequence values obtained from the stellar evolu-
tion tracks of Hurley et al. (2000). The positions on the diagram
of known standard Be-type HMXBs are shown with crosses, while
that for ULX M82 X-2 is shown with a circle. The data for the
Be-HMXBs is taken from Karino (2007) and Klus et al. (2014).
RRL =
0.49q2/3
0.6q2/3 + ln (1 + q1/3)
a (13)
(Eggleton 1983), where q is the mass ratio M1/MNS (with
M1 being the mass of the donor star) and a is an orbital
separation given by Eq. (8). For having RLOF accretion, the
donor radius needs to be larger than the Roche radius but
smaller than the orbital radius. Fig. 3 shows evolutionary
tracks for the radii of stars with selected masses (again using
data from Hurley et al. (2000)) with the dotted lines linking
the points where each track crosses its corresponding Roche
radius (lower curve) and orbital radius (upper curve). The
shaded region in Fig. 4 shows where RLOF can occur and
is plotted as a function of the mass of the donor star. The
upper bound of this shaded region corresponds to the orbital
radius, and the lower bound shows the Roche radius. Stellar
radii at several evolutionary stages (zero-age main sequence,
the end of the main sequence and the beginning of the giant
branch) are also shown.
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Figure 3. The radii of potential donor stars, with selected
masses, are plotted as a function of their age. Each track starts
from the zero-age main sequence and terminates at the starting
point of the giant branch. The dotted curves link the points where
each track crosses its corresponding Roche radius (lower curve)
and orbital radius (upper curve). Data from Hurley et al. (2000).
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Figure 4. Relevant radii are plotted as functions of the mass
of the donor star. The Roche lobe radius and orbital radius are
shown bounding the shaded region below and above, respectively.
The radii of potential donor stars are shown at various evolution-
ary stages: on the zero-age main sequence (lower curve), the end
of the main sequence (middle curve) and the beginning of the gi-
ant branch (upper curve). The data are taken from equations (1)
– (30) of Hurley et al. (2000).
If M1 is larger than 11M⊙, the donor star already fills
its Roche lobe during the main sequence stage, leading to
the type of mass transfer known as Case A (Paczyn´ski 1971).
This occurs on the thermal timescale
τth ∼
GM2
RL
. (14)
For a massive star, this timescale is shorter than 106yr and
the mass transfer rate reaches 10−5M⊙yr
−1, which is suf-
ficient for feeding ULX M87 X-2. However, for the most
massive stars (M > 30M⊙), the main-sequence stellar ra-
dius would be larger than the orbital radius as well, so that
a common envelope would form around the binary in a short
time scale. In that case, the system would be luminous at
infra-red frequencies rather than in X-rays (Ivanova et al.
2013); the donor must therefore be less massive than this
in order to give the right sort of RLOF accretion. Further-
more, the mass of the donor ought to be restricted by the
fact that the companion is a neutron star: the progenitor
of the neutron star would have been the primary when this
binary system was born and, according to Fryer (1999), it
should have had an original mass of less than 20− 30M⊙ in
order to give rise to a neutron star rather than a black hole.
The present primary should be less massive than the origi-
nal one (even if its mass may have increased slightly during
the first mass transfer stage), and hence the donor mass is
constrained to be less than roughly ∼ 25M⊙.
Another issue which needs to be taken into account is
that if the mass ratio q = M1/MNS is above a certain limit
(∼ 5 for a red giant, and ∼ 12 for a high-mass main sequence
star), the binary would be subject to the Darwin instability,
meaning that it could not sustain a circular orbit as required
in order for RLOF to be a viable candidate mechanism here
(Counselman 1973; Eggleton 2006).
For M1 between ∼ 5 − 11M⊙, the star will be inside
its Roche lobe during its main sequence lifetime but may
overflow it during its expansion at the end of the main
sequence (Hertzsprung gap phase), giving an early Case
B type of mass transfer. This also proceeds on the ther-
mal timescale, as given above, and could in principle be
sufficient to feed ULX M87 X-2. However, in general the
timescale on which the star crosses the Hertzsprung gap
is quite short. For instance, an 8M⊙ star evolves from the
end of the main sequence to the giant branch in 0.35 Myr
(Eggleton 2006) and would have a radius between RRL and
a for only some fraction of that (determining which would
require a detailed stellar evolution calculation). The relevant
time is then very short compared with the overall life-time
of the star (∼ 40Myr for 8M⊙). However, the duration of
the Hertzsprung gap phase depends sensitively on the mass
of the donor star and for the minimum donor mass envis-
aged, 5.2M⊙ (Bachetti et al. 2014), it becomes ∼ 1.5Myr.
While it would still require a lucky chance to see any ULX
fed by this Case B type of RLOF accretion, it would become
less unlikely with the least massive possible donor stars. In
connection with this: according to the population synthesis
simulation of Shao & Li (2015), the number of ULXs con-
taining a neutron star should peak for systems having donor
stars in a small mass range around 6−8M⊙, and so it is pos-
sible that the short ULX lifetime of these systems could be
compensated by there being so many of them, and that they
might actually predominate in the observations.
To summarise: accretion via RLOF might possibly be
the mechanism for ULX M82 X-2 if the donor is an evolved
star of ∼ 5 − 8M⊙ passing through the Hertzsprung gap.
An RLOF scenario with a main sequence donor of ∼ 12 −
20M⊙ could also be a possibility although, for the higher
masses, such a system would be prone to the orbit becoming
eccentric due to the Darwin instability. An RLOF scenario
with the donor being evolved up to the giant phase is ruled
out completely.
4 SOME FURTHER ISSUES
In the previous sections, we have discussed similarities be-
tween ULX M82 X-2 and known standard HMXBs, in terms
of the strength of the neutron star’s magnetic field and the
c© 0000 RAS, MNRAS 000, 000–000
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accretion mode. In Section 2, we concluded that a fairly
strong magnetic field, of around 4 × 1013G is favoured for
this object. While our considerations have been quite simple
ones, this conclusion is consistent with more detailed analy-
ses (Eks¸i et al. 2015; Dall’Osso et al. 2015). In Section 3, we
considered the possible feeding mechanisms, concluding that
accretion modes similar to those of standard Be-HMXBs are
possible here, and that some mechanisms involving Roche
lobe overflow would also be possible. In the present section,
we discuss two further related issues.
4.1 Propeller effect and transient behaviour
The 1.37 second spin period of the neutron star in ULX M82
X-2 is shorter than those of most HMXBs (which are typi-
cally in the range of ∼ 10 − 100s). In view of this and the
rather high magnetic field which we are inferring, one needs
to consider whether it would be able to continue accreting
matter from its disc, and continue to spin up, or whether it
would enter the propeller regime where the disc matter is in-
stead forced away (Illarionov & Sunyaev 1975). The critical
period for onset of the propeller regime is given by
Ps,crit = 81.5µ
16/21
30 L
−5/7
X,36 , (15)
where µ30 is the magnetic moment measured in units of
1030Gcm3, as before, and LX,36 is the X-ray luminosity
in units of 1036erg s−1 (Ikhsanov 2003; Raguzova & Popov
2005). Fig. 5 shows the spin period - luminosity plane, with
the straight lines marking the relation given by Eq. (15) for
various values of B. Also shown are the locations on the plot
of known HMXBs (marked with crosses) and of ULX M82
X-2 (marked with the circle). For the latter, we are taking
the values Ps = 1.37s and LX = 3.7 × 10
40erg s−1. Below
the line for the relevant value of B, the propeller regime
is operative; above it, accretion can proceed. According to
this, ULX M82 X-2 would avoid the propeller regime if it has
B < 9.0×1013G and so field strengths between the quantum
limit of 4.4× 1013G and the maximum of 9.0× 1013G could
give accretion and spin-up, but magnetar-strength fields of
above 1014G could not do so. The allowed range for B to
exceed the quantum critical limit but avoid the propeller
effect, is small but non-vanishing.
It has been reported that archival data for M82 X-1/X-
2 from XMM Newton shows only tiny fluctuations at a level
below 2.2 % (Doroshenko et al. 2014). This could be un-
derstood in two different ways. Firstly, the pulsations seen
by Bachetti et al. (2014) could be a transient behaviour so
that while XMM Newton did not see the pulsations during
the time-span of its observations, NuSTAR did see them.
The second possibility is that the pulsations might be ob-
servable only in the high energy range above 10 keV, so
that NuSTAR could detect them while XMM Newton could
not. Dall’Osso et al. (2015), noting the variations seen by
Bachetti et al. (2014) in different measurements of P˙s, have
suggested that the system may be marginal for exhibit-
ing the propeller effect, switching it on and off, and that
the strong X-ray emissions and pulsations may only be
observed when the propeller mechanism is not operating
whereas during the propeller phase, only radiation from the
hot disc is seen. In their latest and more extended analy-
sis (Dall’Osso et al. 2016), they conclude that the magneti-
cally threaded disc model with B ∼ 1013G could explain the
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Figure 5. The locations of ULX M82 X-2 and known HMXBs
in the spin-period - luminosity plane. The critical lines of the
propeller transition, for B = 1012G (dashed), 4.4× 1013G (thick
solid) and 9.0×1013G (dotted) are shown. To avoid the propeller
effect operating, the location of ULX M82 X-2 needs to be above
the line corresponding the surface magnetic field strength of its
neutron star, i.e. B needs to be smaller than 9.0× 1013G for the
parameter values given in the text, which is nevertheless signifi-
cantly greater than the quantum limit B ∼ 4.4× 1013G.
observed properties of this object very well. Tsygankov al.
(2016) also argue that the observed bimodal distribution of
X-ray luminosity can be interpreted as being due to the pro-
peller effect switching on and off. In their picture, even when
the system is in the propeller regime, a small fraction of mat-
ter still leaks through the magnetic field lines and continues
to give rise to lower luminosity emission.
Another point is that HMXBs can often show differ-
ent pulsation behaviour in different energy ranges, with
the higher energy X-rays being emitted as a pencil beam,
while lower energy ones are emitted as a fan beam
(Basko & Sunyaev 1975). In this case, the emission direc-
tions would be different for the different energy ranges. In
fact, more than 20% of HMXBs show different light-curve
shapes in high and low energy bands (Karino 2007). At
present, the discussion on the transient behavior of M82 X-2
cannot be concluded at all. More data is needed for deciding
between these different possibilities.
4.2 X-ray irradiation
Also one needs to consider the effect of irradiation of the
accreting matter by the strong X-ray emission coming from
the neutron star. The direct effect of the radiation pressure
coming from this is, of course, to act as another obstacle for
the accretion. In order to achieve a high accretion rate in
luminous X-ray systems, some means is required for avoid-
ing this obstacle, such as anisotropy of the X-ray radiation
(see, for example, Christodoulou et al. 2014; King & Lasota
2016). In the wind accretion case, however, there are ef-
fects of the irradiation which act in the opposite direc-
tion, enhancing the accretion rate onto the neutron star.
In detached wind-fed binaries, intra-binary matter cannot
avoid some photo dissociation under these circumstances,
and this reduces the efficiency of the acceleration mecha-
nism driving the line-accelerated stellar wind away from the
donor star (Stevens & Kallman 1990; Watanabe et al. 2006;
c© 0000 RAS, MNRAS 000, 000–000
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Karino 2014). From equation (6) one can see that the result-
ing slower wind velocity would cause the accretion radius to
be larger, and lead to increasing the accretion rate onto the
neutron star, as given by equation (5). However, the wind
velocity is limited by (v2esc + v
2
orb)
1/2, where vesc is the es-
cape velocity at the donor surface, and so it cannot be slow
enough to significantly affect our discussion here. Another
potential positive effect of X-ray irradiation is that it could
in principle cause the Roche lobe to become swamped with
heated outer-envelope matter which could then overflow the
Roche lobe even if the stellar radius was smaller than Roche
radius (Iben et al. 1997). This would require very strong ir-
radiation though; it could only work in tight systems with
orbital periods of a few hours, and would not play any sig-
nificant role for M82 X-2.
5 CONCLUSIONS
In this paper, we have discussed the magnetic field strength
and accretion mode for the recently identified neutron star
in the source ULX M82 X-2.
We have considered the conditions required for produc-
ing the observed values of the key parameters: Ps = 1.37s,
LX = 3.7 × 10
40erg s−1, Porb = 2.53d and P˙s = −2 ×
10−10s s−1, and have argued that a consistent explanation
can be given involving a moderately strong magnetic field
at around the quantum limit B ≈ 4× 1013G. Having a field
strength above the quantum limit is favourable for explain-
ing the high observed luminosity, because of the reduced
opacity in this case. However, we note that there have been
a number of other suggestions regarding the magnetic field
strength (Christodoulou et al. 2014; Dall’Osso et al. 2015,
2016; Eks¸i et al. 2015; Kluz´niak & Lasota 2015; Lyutikov
2014; Tong 2014); further observations and discussions are
required for resolving the issue.
We then went on to examine whether the standard ac-
cretion modes for HMXBs can be appropriate for this object.
We concluded that spherical wind accretion, which drives
OB-type HMXBs, cannot be the mechanism here but that
an extension of the standard mechanism for Be-type HMXBs
can provide a natural explanation. We have shown that if
the neutron star has a moderately strong magnetic field
(B ∼ 4 × 1013G) and there is wind accretion from a rea-
sonably high-density (ρ0 = 2 − 3 × 10
−10g cm−3) decretion
disc around the Be-companion, then all of the main proper-
ties of ULX M82 X-2, including its position on the Corbet
diagram, would be consistent with the relations followed by
standard Be-HMXBs. Roche lobe overflow accretion is also
a possibility. If the donor star has sufficiently high mass,
it should still be on the main sequence and Case A RLOF
accretion could then feed the ULX; if it has lower mass, it
would need to be undergoing Case B RLOF while passing
through the Hertzsprung gap during its post-main-sequence
expansion.
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